The organic anion transporter (OAT) subfamily, which constitutes roughly half of the SLC22 (solute carrier 22) transporter family, has received a great deal of attention because of its role in handling of common drugs (antibiotics, antivirals, diuretics, nonsteroidal anti-inflammatory drugs), toxins (mercury, aristolochic acid), and nutrients (vitamins, flavonoids). Oats are expressed in many tissues, including kidney, liver, choroid plexus, olfactory mucosa, brain, retina, and placenta. Recent metabolomics and microarray data from Oat1 [Slc22a6, originally identified as NKT (novel kidney transporter)] and Oat3 (Slc22a8) knockouts, as well as systems biology studies, indicate that this pathway plays a central role in the metabolism and handling of gut microbiome metabolites as well as putative uremic toxins of kidney disease. Nuclear receptors and other transcription factors, such as Hnf4␣ and Hnf1␣, appear to regulate the expression of certain Oats in conjunction with phase I and phase II drug metabolizing enzymes. Some Oats have a strong selectivity for particular signaling molecules, including cyclic nucleotides, conjugated sex steroids, odorants, uric acid, and prostaglandins and/or their metabolites. According to the "Remote Sensing and Signaling Hypothesis," which is elaborated in detail here, Oats may function in remote interorgan communication by regulating levels of signaling molecules and key metabolites in tissues and body fluids. Oats may also play a major role in interorganismal communication (via movement of small molecules across the intestine, placental barrier, into breast milk, and volatile odorants into the urine). The role of various Oat isoforms in systems physiology appears quite complex, and their ramifications are discussed in the context of remote sensing and signaling.
A. The Organic Anion Transport Pathway
The organic anion transporter (OAT) family comprises a group of over 10 transmembrane proteins (TABLE 1) falling into the SLC22 (solute carrier 22) subfamily of the major facilitator superfamily (MFS); the SLC22 subfamily also includes the organic cation transporters (OCTs) and organic carnitine (zwitterion) transporters (OCTNs) (127) . OAT family members are highly similar within this subclass of SLC22 transporters and share many structural characteristics with other MFS proteins. Modeling, mutagenesis, and other studies are consistent with the view that these transmembrane proteins are composed of about 540 -560 amino acids comprising 12 transmembrane domains (69, 127, 282, 283 
) (FIGURE 1).
Although the initial focus in this field was on the kidney, the OATs have been localized to almost all barrier epithelia of the body, as well as endothelium and other cells, and have demonstrated roles in the regulated transcellular movement of numerous small organic anionic molecules across these epithelial barriers and between body fluid compartments (i.e., blood-central nervous system, blood-urine, intestineblood, blood-bile, blood-placenta, and others). While prototypical members of this transporter family are capable of the bidirectional movement of substrates, most of the Oats are generally viewed as facilitating the movement of organic anions into the epithelial cells (influx transporters). Prototypical Oats such as Oat1 are secondary active transporters; Oat-mediated influx involves the exchange, or countertransport, with another solute (which for the prototypical Oats is believed to be ␣-ketoglutarate) (194, 217, 235) , and these transporters are thought to be part of a so-called "tertiary" transport system involving the organic anion transporter, the Na ϩ -K ϩ -ATPase, and the sodium-dicarboxylate cotransporter (see below; FIGURE 1).
Some interesting aspects of this family of transport proteins (discussed in more detail later) include the following: range of substrates (drugs, toxins, metabolites, regulatory molecules), substrate overlap, embryonic expression (144, 187, 233) , postnatal maturation, evolutionary conservation (71, 230, 283) , transcriptional regulation, genomic clustering of family members (70, 149, 283) , as well as the association of single nucleotide polymorphisms (SNPs) with metabolic disease (such as disorders of uric acid) and alterations in drug handling (12, 66, 71, 83, 141, 153, 284, 292) .
B. History
Prior to the cloning of NKT (Novel Kidney Transporter, now called organic anion transporter 1 or OAT1, and also designated as SLC22A6), the Oat pathway had been the subject of much investigation, particularly from the viewpoint of kidney physiology, over many decades. For example, in the 1940s, Homer Smith suggested that a substituted hippuric acid derivative, p-aminohippuric acid (PAH), might be a suitable tracer for tubule excretion (225) . PAH was subsequently recognized as a prototypical organic anion substrate, and it helped to define the classical renal organic anion transporter pathway, since implicated in the handling of a large number of small molecule organic anions including endogenous metabolites, toxins, and drugs.
During World War II, it was realized that penicillin was being rapidly excreted by the kidney through an organic acid transport system (198) . As a strategy to slow the excretion of penicillin in the context of limited availability of antibiotics, the uricosuric agent probenecid (benemid) was used to competitively inhibit the excretion of penicillin when the two drugs were administrated together (36) . This was also found to affect PAH transport (213) . Probenecid eventually became the standard inhibitor of the classical organic anion (PAH) transporter system; indeed, the system was, for many years, operationally defined by the effect of probenecid. With the availability of a prototypical tracer (PAH) and what was perceived as a specific inhibitor (probenecid), the role of the "classical" organic anion transport pathway in the excretion of many drugs became well established in the subsequent decades (18, 49, 260) .
After Na ϩ -K ϩ -ATPase activity was localized to the basolateral membrane of the renal proximal tubule cell, a link between its activity and PAH transport was established (221) . However, the nature of this link appeared indirect since a sodium gradient did little to facilitate the uptake of PAH in cell membrane vesicle preparations, while glutarate, a dicarboxylate, in the presence of sodium, was able to substantially stimulate the uptake of PAH (194, 217) . Hence, an additional intermediary step, involving a sodium gradient that maintains the dicarboxylate gradient, was postulated to exist between the Na ϩ -K ϩ -ATPase and the PAH transporter. Such a "tertiary" transporter system of epithelial cells is therefore envisioned to utilize the sodium gradient generated by the Na ϩ -K ϩ -ATPase to indirectly facilitate the influx of organic anion molecules from the blood (or other body fluids) and into the polarized epithelial cell (FIGURE 1) (33, 49, 232, 282) .
Thus, before the cloning in 1996 of NKT, a great deal of physiology was already done (much of it in the kidney), FIGURE 1. OAT structure and the mechanism of OATmediated uptake and transport of organic anions. A: illustration of the predicted topology of organic anion transporters. Two pairs of 6-transmembrane domains are connected by a large intracellular loop and both NH 2 and COOH termini are intracellular (G, glycosylation sites; P, PKC phosphorylation sites). B: a renal proximal tubule cell is depicted as a prototypical epithelial cell to illustrate the Oat-mediated uptake and transcellular movement of organic anionic substrates (OA Ϫ ) from the blood to the urine. Oat1 and Oat3 (A), localized to the basolateral membrane of the proximal tubule cell, transport OA Ϫ across the basolateral membrane and into the cell through the exchange of dicarboxylates (DC Ϫ ). As a secondary active membrane transporter system (76) , the Oat-mediated entry of OA Ϫ is linked to the transmembrane electrochemical potential of dicarboxylates generated by their movement against a concentration gradient and intracellular accumulation maintained through the action of the Na ϩ /dicarboxylate cotransporter (B). Thus the energy driving this "tertiary" mechanism is the ATP consumed by the Na ϩ -K ϩ -ATPase in generating the sodium gradient (C). OA Ϫ exit into the urinary luminal space (D) is via transporters found on the apical membrane. [Modified from Eraly et al. (69) , with permission from ASPET.] making it possible to suggest the role of NKT (later Oat1) in the transport of organic anions and/or cations (143) (144) (145) . As detailed below, both roles were subsequently established in transport assays in which the cloned gene was overexpressed in frog oocytes or transfected cells and, later, in the knockout mice and tissues derived from them. Nevertheless, consistent with its key role in probenecid-sensitive organic anion transport, Oat1 has a much greater preference for organic anions.
It is now clear that the Oat system is important for the transport of an extraordinarily broad range of molecules (including many clinically important drugs, as well as a number of endogenous hormones, nutrients, and metabolites) across multiple tissues (including kidney, liver, brain, eye, and intestine) (270) . Among drugs, substrates of the probenecid-sensitive classical PAH pathway (mediated largely by Oat1) include many pharmaceuticals (e.g., antibiotics, non-steroidal anti-inflammatory drugs, diuretics, antivirals) (2, 35, 168, 177, 231, 270, 294) which are small, water-soluble organic anion molecules with an ability to bind albumin (27) . Because of their albumin-binding capacity, these molecules are not freely filtered by the glomerulus; instead, they continue into the peri-tubular capillaries, which are adjacent to the basolateral (blood) surface of the proximal tubule cells. By binding the basolaterally localized Oat1 (and/or Oat3-also designated SLC22A8), they gain entry to the proximal tubule cell (the intracellular behavior of the organic anions as they transit the cell is not well defined and may depend on the specific class of molecules). Through a separate apical surface transport step, likely involving multiple ATP-binding cassette (ABC) transporters [e.g., Abcc2, also known as Mrp2 (multidrug resistance-associated protein 2) and Abcc4/ Mrp4] and SLC transporters, they achieve egress to the lumen of the proximal tubule (FIGURE 1). This enables the transcellular movement of small organic anionic drugs, toxins, and endogenous metabolites from the blood to the urinary space. The process is very efficient and is largely a first pass phenomenon.
This transport pathway is also of considerable toxicological importance, since many drugs and other xenobiotics that are toxic in overdose are weak organic anions at physiological pH, and therefore handled by this system (159) . In addition, other compounds that are not themselves transported can be detoxified by conjugation to glycine, glucuronide, or sulfate, thus enabling them to be handled by this system (159) . Many of these toxins, drugs, and metabolites have been shown to directly compete for the same transport pathway (and therefore potentially inhibit the transport of one another, possibly leading to toxic accumulation in body fluids; this is an area for future investigations). Furthermore, since drugs cleared by this route are concentrated in cells of the transporting epithelia, a specific toxic effect on proximal tubule cells, which are metabolically active and highly sensitive to toxins, can be exacerbated.
C. Scope of This Review
Although we detail biochemical and other data related to individual Oats, there is a heavy emphasis in this review on the systems level physiology and computational biology related to Oats and on highlighting potential areas for future Oat research. While the physiology of the Oats has been extensively studied in the proximal tubule of the kidney, it is now clear that Oats, meaning Oat1 and its many relatives, are likely important to physiological processes in many tissues. These tissues include choroid plexus, liver, brain capillary endothelium, retina, placenta, olfactory mucosa, and others. Indeed, Oats and other multispecific "drug" transporters from the SLC and ABC families are expressed in virtually all barrier epithelia (34) and appear to mediate the movement of drugs and toxins between body fluid compartments and tissues. Examples include movement between blood and urine, blood and the central nervous system (CNS) (i.e., blood-brain barrier), cerebrospinal fluid (CSF) and blood, blood and placenta, blood and vitreous humor, and possibly across the olfactory mucosa (5, 113, 284) .
Moreover, knockout and other data indicate that the endogenous Oat substrates include rate-limiting metabolites and signaling molecules. This has led to the view that Oats and other "drug" transporters (SLC and ABC families) may form a "remote communication" system involving the movement of metabolites, nutrients, and signaling molecules into various tissues and body fluid compartments (FIGURE 2). "The Remote Sensing and Signaling Hypothesis" argues that this SLC and ABC "drug transporter" network throughout the body functions in parallel with, and akin to, the endocrine, growth factor, and autonomic nervous systems to regulate systemic physiology (FIGURE 3) (5, 113, 284) . This is done by regulation, via the expression and/or activity of "drug" transporters, of the movement of key metabolites (e.g., ␣-ketoglutarate, uric acid, indoxyl sulfate) and signaling molecules (e.g., cyclic nucleotides, prostaglandins, conjugated sex steroids, odorants) into different body fluid compartments and tissues. For example, reduction in the expression of a single organic anion transporter in Drosophila not only reduced the expression of multiple transporters, it also disrupted methotrexate-induced transporter upregulation (39, 40) .
These transporters are also advantageously situated for a role in interorganismal communication, regulating the passage of key metabolites and signaling molecules between the body and the gut microbiome, the fetus (maternal-fetal barrier), the neonate (via breast milk), as well as by the elimination of odorants into the urine that may be "sensed" by the SLC (and/or GPCR)-containing olfactory apparatus of another organism of the same or different species (FIGURES 2 AND 3) . The central ideas of the "Remote Sensing and Signaling Hypothesis" (5, 284) are reviewed and then discussed in considerable detail toward the end of this article with the goal of furthering research in the systems biology and multiscale physiology of Oats. We begin with a discussion of the basic biology of individual Oats and their widely accepted roles in the handling of many common drugs and toxins.
II. ORGANIC ANION TRANSPORTER FAMILY

A. Discovery of NKT, Later Called Oat1
The prototypical organic anion transporter, Oat1, was originally cloned from mouse in 1996 as novel kidney transporter (NKT) (143, 145) . It was originally suggested to act as an organic anion transporter (i.e., the "classical" PAH transporter) or organic cation transporter (144) . In subsequent work, it was confirmed that Oat1/NKT was indeed the PAH transporter, responsible for the transport of many small water-soluble organic anion drugs, toxins, metabolites, and signaling molecules (TABLE 1) (34, 187, 235, 270) , but whether it also transported organic cations remained a matter of debate (3) . Perhaps because they were termed organic "anion" transporters, these types of molecules were largely tested as substrates. From knockout in vivo and in vitro studies (35, 73, 74, 112, 169, 234, 250, 265) , it is now clear that although Oat1, and the closely related Oat3, primarily handle organic anions, they are also capable of transporting a variety of organic cationic drugs, such as cimetidine, as well as metabolites like creatinine, and possibly polyamines and carnitine (3, 4, 133, 264) . This points to limitations in the nomenclature of organic anion transporters which, as was originally suggested (144) , are able to transport many organic anions and some organic cations. Nevertheless, the name "Oat" has remained and, by and large, is sufficient to describe the general functionality of this class of transporters.
B. Identification of the SLC22 Transporter Subfamily
Together with Oct1 (organic cation transporter 1; Slc22a1) and NLT (novel liver transporter, now Oat2/Slc22a7), NKT (Oat1) was proposed to comprise a new subfamily of transporters (144) , now designated as SLC22 consisting of 20 -30 members. Although there is only limited functional data on several family members, at this point, it appears that one-third to one-half of the SLC22 family members are Oats with varying substrate specificities and tissue expression patterns, while the remaining family members consist of organic cation transporters (Octs), organic carnitine (zwitterion) transporters (Octns), and so-called Usts (unknown substrate transporters, many of which, based on functional and sequence similarity data, appear to be more similar to the Oat group than the Oct and Octn groups).
There is also a group of transporters that is sometimes referred to as the Flipt (fly-like putative transporter) and CT (carnitine transporter); while their main function may be in carnitine transport, these transporters have not been studied in sufficient detail (16, 72) .
Although we will be focusing on the Oats in this review, it is important to emphasize again that they are capable of transporting some Oct and Octn substrates such as creatinine, carnitine, and cimetidine (3, 126, 133, 264) . The substrate specificity of Octs and Octns may be somewhat more restricted to cationic compounds and metabolites, but this needs to be rigorously analyzed for the entire SLC22 family (in a single species and using the same assay) since it appears that all, or nearly all, family members are identified.
III. OAT NOMENCLATURE
A. Physiological, Pharmaceutical, and Toxicological Importance of Oats 1-10
Based on In Vitro and Knockout Data
Here we will discuss in vitro, in vivo knockout, and human data for each of these Oats. There are several reviews covering individual family members (2, 34, 35, 79, 177, 270) . In this review, we emphasize unique characteristics of individual transporters to help present an integrated view of a vast amount of transport data. This will set the stage for the "systems and computational biology" perspective of the latter part of the review, where we will discuss the information in the context of the "Remote Sensing and Signaling Hypothesis." Although the focus here is exclusively on the Oat family, it is also worth mentioning that many of the ideas are applicable to other multispecific SLC transporters [i.e., Oct, Octn, Oatp (organic anion transporting polypeptides, also SLC21 or SLCO), MATE (multidrug and toxin extrusion proteins, also SLC47)] and ABC transporters [P-glycoprotein/MDR1 (multidrug resistance protein 1), BCRP (breast cancer resistance protein), and Mrps] in the context of this hypothesis. It is important to keep in mind that transepithelial vectorial transport involves transporters at the basolateral and apical surfaces and often this is a combination of SLC ("uptake/influx") transporters and ABC ("efflux") transporters. For example, in the kidney it now appears that basolateral Oat1 and Oat3 uptake of organic anions is loosely coupled to apically located transporters including Mrp2 and Mrp4 for efflux.
Organic anion transporters of the SLC22 family play a major role in the handling of common drugs and toxins. Initially thought to be localized largely to the kidney, it is now clear that they are expressed in many other tissues, including choroid plexus (Oat1, Oat3) (170, 234) , olfactory mucosa (Oat6) (113, 160, 212) , and placenta (OAT4) (38) . Recent systems biological analyses indicate that the Oat pathway plays a central role in metabolism (4, 73, 74, 216, 279, 285) . Certain Oat family members have a strong selectivity for particular signaling molecules. This is important for understanding the "Remote Sensing and Signaling Hypothesis," where it is proposed that Oats and other multispecific drug transporters of the SLC and ABC families function in remote communication by regulating levels of rate-limiting metabolites and key signaling molecules in various cell types, tissues, and body fluid compartments (FIGURES 2 AND 3).
Below we describe the named major organic anion transporters of the SLC22 family (TABLE 1) . The nomenclature and numbering of various Oats in humans and rodents can be quite confusing and probably requires revision in light of new sequence data from many species and a greater appreciation of substrate specificities.
B. OAT1 (SLC22A6)
OAT1 was first identified in 1996 as a NKT in a screen for G protein-coupled receptors (GPCRs) (which is possibly relevant to some of the arguments below) (143) (144) (145) . NKT/ Oat1 was almost exclusively expressed in the kidney (144), although to a lesser degree, it can also be found in other rodent tissues. Based on its homology to the two organic ion transporters identified at that time (NLT and Oct1), it was proposed as an organic ion transporter functioning in either organic anion or cation transport (144) . It turned out that NKT/Oat1 can function in both (3, 264) ; for example, a set of seven Oct1-interacting compounds, including verapamil, cimetidine, and nicotine, were found to interact with Oat1 in vitro, albeit at higher concentrations than that seen with the better organic anion substrates (3). Nevertheless, this transporter is generally regarded as the "prototypical" transporter of small molecule organic anionic compounds.
The transcript was initially postulated to encode a ϳ550-amino acid polypeptide possessing at least 11 membranespanning domains that were characterized by two large interconnecting loops (one extracellular and one intracellular), strikingly similar to other bacterial and mammalian transporters (144) . Now it is more generally believed that the protein, though not yet crystallized, consists of 12 transmembrane domains (FIGURE 1). A number of potential modification sites for protein kinases and other enzymes were found within the interconnecting loops (FIGURE 1) (144) , and in vitro investigations of some of these sites (e.g., glycosylation and protein kinase-mediated phosphorylation) have raised the question of whether they might modulate Oat function by regulating the trafficking and expression of the transporter at the plasma membrane (60) . Furthermore, in cells transfected with a tagged human OAT1, the transporter was found to oligomerize (93) , which may also be important for its expression at the plasma membrane (59).
Oat1, among the most highly expressed genes in the adult kidney, is localized to the basolateral surface of the proximal tubule; it is also highly expressed in choroid plexus (100, 144, 170, 195, 250) . In the kidney, probenecid-inhibitable uptake of a fluorescent tracer molecule [6-carboxyfluorescein (6CF)] in coronal sections of Oat3-deficient kidneys revealed the nonuniform sequestration of Oat1 function in portions of the renal cortex consistent with the proximal tubule (169).
Oat1 is expressed not only in the developing kidney at around embryonic day 14 -15, but also in the fetal and adult brain (144, 187) . The renal expression of the transporter was found to increase during gestation and after birth, while functional assays in either cultured whole embryonic kidneys or in culture models of nephrogenesis indicated that Oat1 may be functional in embryonic tissue (144, 149, 187, 230, 233, 250) . For example, cultured isolated metanephric mesenchymes (embryonic precursor tissues of the nephron) induced to form proximal tubule-like structures are capable of probenecid-inhibitible accumulation of a fluorescent Oat1 substrate (233) . This was similar to the accumulation seen in cultured whole embryonic kidney (233) or in kidney-like constructs engineered from embryonic tissue (204) .
The range of Oat1 drug, toxin, and metabolite substrates is now well established by in vitro and in vivo studies and has been thoroughly described in several excellent recent reviews on the topic (34, 127, 270 (4, 112, 279) . In the Oat1 knockout, much of the natriuretic response to loop and thiazide diuretics is blunted (266) , and the knockout kidneys are substantially protected from mercury toxicity (249) . In addition, ex vivo transport assays using knockout kidney and choroid plexus indicate a defect in handling antiviral drugs (169, 170, 250) . The Oat1 knockout is also defective in the handling of many important metabolites involved in endogenous metabolism ( Systems biology analyses combining both transcriptomic and metabolomics data have been used to reconstruct metabolism that directly or indirectly depends on Oat1 (4). For example, computational integration of metabolomic and kidney transcriptomic data from wild-type and Oat1 knock-out animals contextualized changes in the concentration of pathway intermediates with alterations in the expression of pathway components and suggested previously undescribed linkages between the transporter and endogenous metabolic pathways, including the polyamine pathway (4). Wet-lab functional assays of Oat1-mediated transport of some of the pathway intermediates (e.g., arginine, spermidine, spermine) validated the computational findings (4). Among the Oats, Oat1 (as well as Oat3) has been highlighted by regulatory agencies as a key transporter involved in drug excretion and potential drug-drug interactions (DDI) (79, 163) . The kinds of computational wet-lab studies described above also suggest a role for Oat1 in lesswell understood drug-metabolite interactions (DMI).
C. OAT2/SLC22A7
As with NKT/Oat1/Slc22a6, what is now called Oat2 was originally identified as a novel liver transporter (NLT) (222) . Indeed, as described above, it was the sequence relationships of NKT, NLT, and Oct1 that first enabled the proposal that these transporters were part of a larger family of transport proteins, now called SLC22 (144) . Slc22a7 or Oat2 is a multispecific organic anion transporter with high expression in the liver and kidney (124, 129, 187 several other tissues, including the lung, brain, small intestine, heart, and corneal epithelium of the eye (46, 48) . Differences in Oat2 expression have also been shown to be dependent on age, sex, and species. For example, male rats display higher expression in the liver compared with kidneys, while female rats show higher kidney expression (138) . In mice, however, Oat2 is predominantly expressed in the kidney of males, while female mice display similar levels of expression in both organs (125 (34) . Importantly, Oat2 can also facilitate the transport of guanine nucleotide-related compounds and cGMP itself, which may be an important endogenous substrate (46) . Thus Oat2 is one of several Oats (including Oat1) that are capable of transporting cyclic nucleotides and hence may play a modulatory role in intracellular signaling. This idea remains to be fully explored.
D. OAT3/SLC22A8
As with the case of NKT/Oat1 and with NLT/Oat2, Slc22a8/Oat3 was not initially referred to as an Oat, but was identified by Brady et al. (28) as Roct [reduced in osteosclerosis (oc) transporter] after observing reduced expression of the gene in the kidneys of mice homozygous for the osteosclerosis mutation. Nevertheless, the significance of this gene in bone biology awaits further study. Oat3 in adult animals is very highly expressed in the renal proximal tubule (100); however, unlike Oat1, it is also expressed and functional in the distal tubule (100, 250) . Its physiological role in these nonproximal tubule segments requires more study. In addition to a proximal and distal tubule expression of Oat3 in the kidney, this transporter is also more broadly expressed than Oat1, with expression in, apart from the kidney, the choroid plexus, the brain capillary endothelium, and retina (TABLE 1) .
In the retina, Oat3 is believed to be expressed in retinal vascular endothelial cells where it appears to be involved in the efflux of organic anions and drugs from the vitreous humor to the blood (96) . Similarly, ex vivo functional assays using choroid plexus isolated from Oat3-deficient mice indicate that it is also involved in the movement of substrates from the CSF to the blood (170, 234, 236) . Expression of Oat3 in brain capillary endothelium, where it also presumably functions as an efflux transporter (184, 261) , has attracted recent interest, as well.
Although expression of Oat3 in the mouse kidney is largely undetectable before day 16 of gestation, during embryogenesis Oat3 is found in the liver and nervous system as early as day 14 (187) . However, this embryonic liver and nervous system expression decreases after day 16, and Oat3 is virtually undetectable in the adult mouse liver (187) . In contrast, the kidney-specific expression of Oat3 increases during gestation and after birth, similar to what is seen with Oat1. In the genome, as discussed below, OAT3 exists in tandem with OAT1, and indeed they are part of a large cluster of six human OAT-like genes (8 in mouse) (70, 71, 283) .
The substrate specificity of Oat3 overlaps with Oat1; nevertheless, there are some substrates that clearly preferentially interact with either Oat1 or Oat3 (112, 285 (285) . In addition, Oat3 also transports aristolochic acid and ochratoxin A and is thus thought to be important in the pathogenesis of Balkan Nephropathy (287) . While the ability of Oat1 to transport cations is quite restricted, Oat3 can bind and transport a number of cations, some with ϳ10-fold greater affinity than that seen with Oat1, even though it, like Oat1, is predominantly an organic anion transporter (3, 264) . Presumably the ability of Oat3 to bind organic cations better than Oat1 is reflected in the nature of the ligand binding site, but this awaits three-dimensional structural determination.
Knockouts of Oat3 are the only Oat mutants that display a well-defined physiological phenotype, exhibiting lower systolic blood pressure suggesting that this transporter is involved in the uptake and clearance of endogenous blood pressure regulators (265) . Metabolomics analyses identified several putative metabolites, including thymidine which was transported by Oat3 (but not Oat1) and reduced blood pressure in wild-type mice (265) . The Oat3-deficient mice also display altered uric acid handling (73) ; poorer handling of antivirals (170, 250) , penicillin (269) , and methotrexate (271); and, importantly, an attenuated response to diuretics (74, 266) . In addition, metabolic reconstruction of transcriptomic data derived from the kidneys of Oat3-null mice combined with untargeted metabolomics data from the blood and urine of these knockout mice also revealed a role for this transporter in several metabolic pathways, including the tricarboxylic acid cycle, nucleotide and amino acid metabolism, phase I and phase II xenobiotic metabolism (i.e., hydroxylation and glucuronidation), prostaglandin and steroid metabolism, as well as the metabolism of dietary flavonoids (285) .
E. OAT4/SLC22A11
OAT4/SLC22A11, which was cloned from a human kidney library, is a human multispecific organic anion transporter with strong expression in the placenta and some expression in the kidney (38, 90) . Potential substrates of OAT4 include sulfated steroids, NSAIDs, antihypertensives, prostaglandins, and uric acid (TABLE 1) (38, 82, 119, 241, 288) . OAT4 has also been found to mediate the reabsorption of perfluorinated chemicals (along with URAT1) (289), man-made environmental contaminants of considerable current concern as they have been associated with toxic effects on a number of organ systems (303) .
Similar to Oat1 (60) , OAT4 function appears to be dependent on covalent posttranslational modifications. For example, the trafficking of OAT4 to the plasma membrane in transfected cells was found to be dependent on N-linked glycosylation, as well as interaction with PDZ scaffolding proteins (157, 305) . Expression of OAT4 at the plasma membrane was also found to be regulated by progesterone, while protein kinase C (PKC) and the PDZ protein NHERF1 also modulate levels of OAT4 at the plasma membrane by regulating clathrin-mediated endocytosis of the transporter (60) . Thus there appear to be a number of potential points of regulation by hormones and intracellular signaling.
In the placenta OAT4 has been localized to the syncytiotrophoblast cells (256) and is believed to mediate the clearance of sulfated steroids, such as dehydroepiandrosterone sulfate, from the fetal blood (197, 258, 259, 275, 305) . Thus OAT4 is attracting interest because of its potential role in regulating the transport of hormones, drugs, and toxins across the maternal-fetal barrier (35) . OAT4 is also expressed in the apical membrane of renal proximal tubular cells where it is believed to contribute to reabsorption of organic anions, including uric acid, from the urine back into proximal tubular cells (63, 203) . Genome-wide association studies (GWAS) have associated SNPs in OAT4 with elevated levels of serum uric acid (130, 268, 291) ; in at least one case, a common SNP has been associated with gout due to renal under-excretion of uric acid (208) . In contrast, transport assays employing a trophoblast-derived cell line (BeWo cells) which expresses OAT4, as well as a number of other transporters found in the syncytiotrophoblast, indicated that paracellular diffusion, rather than transport-mediated uptake, may play a key role in the transplacental movement of urate, suggesting that OAT4-mediated urate handling might be somewhat tissue-specific, although more study is needed (256).
F. Oat5/Slc22a19
As described above, the nomenclature of the Oats can be quite confusing, and this transporter is but one example.
There have been two separate transporters given Oat5 as a designation, SLC22A10 and Slc22a19; despite the similar Oat designation, these genes are not orthologs (108, 123, 229) . SLC22A10/OAT5 is human-specific and found to be expressed almost exclusively in embryonic and adult liver (72, 229) , while Slc22a19/Oat5, a mouse gene, was found in the kidney (13, 295) . Much of the investigation of these nonorthologous transporters has been done on mouse Oat5/Slc22a19; therefore, this is discussed here.
Oat5/Slc22a19 is preferentially expressed in the kidney where it is located on the apical surface of the proximal tubule cells, with stronger staining observed in the S3 and S2 segments (135) . Similar to other Oats, expression of this transporter appears to be sex dependent, with female rodents displaying higher levels of the transporter apparently due to androgen (testosterone)-dependent downregulation of Oat5 (30) . Although its in vivo role remains to be clarified, Oat5 can mediate the uptake of some common organic anion substrates in in vitro assays, including estrone sulfate, dehydroepiandrosterone sulfate, as well as ochratoxin A. However, some classic organic anion molecules do not seem to be good substrates for Oat5; neither PAH nor urate seems to be transported by Oat5 (13, 295) .
G. OAT6/SLC22A20
Oat6 was initially identified in the mouse based on sequence homology to Oats (160); the existence of a human homolog has been described, although its functionality remains to be established (108) . Expression of Oat6 is restricted, with strong expression observed in nasal epithelia (FIGURE 5) and weaker expression in testis (160, 212, 246) . Similar to Oat1 (23), expression of Oat6 in rat olfactory epithelium can be induced by in vivo exposure to dexamethasone (247) . In the testis, significant expression was found in Sertoli cells which comprise the blood-testis barrier, suggesting that Oat6 plays a role in the function of this barrier epithelium (211).
Oat6 can bind conjugated steroids and some drugs, but perhaps most interestingly, it can interact with volatile odorants (e.g., propionate, butyrate) (FIGURE 5), some of which were also found to accumulate in the Oat1 knockout (112, 113, 279) . Thus certain volatile odorants that are normally eliminated in the urine via the Oat1 pathway have the potential to interact with Oat6. Although its exact role in the olfactory mucosa remains undefined, it has been suggested that Oat6 may somehow participate in olfactory odorant processing by recycling odorants for presentation to GPCRs or perhaps in transepithelial movement of odorants or other compounds either for the clearance of odorant molecules to maintain olfactory sensitivity or for transport into the central nervous system (112, 113, 160, 211, 246, 284) . Since some of its odorant substrates accumulate in the Oat1 knockout mouse and are thus excreted in the urine, they could potentially be substrates of Oat6 (or Oat1, also in the olfactory mucosa) in another organism of the same species or another species (FIGURE 3). These intriguing aspects of Oat6 have been discussed in the context of interorganismal communication and the Remote Sensing and Signaling Hypothesis (see below) (5, 284).
H. OAT7/SLC22A9
OAT7/SLC22A9 is an apparently liver specific organic anion transporter (229) ; its gene product is located on the sinusoidal membrane of hepatocytes. As with other Oats, there is some nomenclature confusion about this Oat. SLC22A9/OAT7 is found in humans, and its ortholog is found in primates, but not in rodents. Although not wellstudied, human OAT7 can mediate the uptake of some classical organic anion substrates such as estrone sulfate and dehydroepiandrosterone sulfate. Remarkably, neither PAH nor probenecid has been shown to effectively interact with OAT7 (34, 218).
I. rOat8/Slc22a9rat
The term rOat8 is used to describe a rat organic anion transporter (293) . This transporter is also named as Ust1r/Slc22a9 (293). rOat8 mRNA is detectable in proximal tubules and possibly collecting ducts. By sequence homology, rOat8/ Slc22a9rat is a homolog of mouse and rat Slc22a19/Oat5 (293).
J. Oat9/Slc22a27
Oat9/Slc22a27, an organic anion transporter located on mouse chromosome 19, was initially reported as a part of a mouse-specific gene amplification in a cluster of organic anion transporters (283) . The gene product of Slc22a27 was later called Oat9, and while limited studies have been performed regarding its substrate specificity, it appears capable of transporting carnitine that can be inhibited by estrone sulfate but not by PAH or probenecid (254).
K. OAT10/SLC22A13
OAT10/SLC22A13 was originally identified as organic cation transporter-like 3 (ORCTL3) of the SLC22 family due to its shared homology with Oct1 and NKT (178) . It was later renamed OAT10 to reflect its high-affinity uptake of nicotine as well as low-affinity uptake of uric acid when heterogeneously expressed in Xenopus oocytes and Caco2 cells (10, 22, 34) . Transcripts of OAT10/SLC22A13 are broadly distributed, with higher expression observed in kidney, small intestine, and colon. Its gene product is found in the apical membrane of proximal tubule cells. Gender preferential expression of this gene has been noted with higher expression observed in female kidneys (22) .
L. URAT1/SLC22A12
What is now called URAT1 in humans was originally identified as Rst (renal specific transporter) in mice (161) . This organic anion transporter of the SLC22 gene family is closely related to Oat1, Oat3, and Oat6, and it is paired with OAT4 in the genome (70) . Knockouts of Urat1 (Rst), as well as knockouts of Oat1 and Oat3, have alterations in urate handling (73, 97) . Genetic variations of URAT1 have been identified as determinants of human urate handling anomalies of hyperuricemia and hypouricemia (67) . Although, as mentioned, the Urat1 (Rst) knockout has a defect in urate handling, it is modest, and at the time, it was suggested that other genes must be important (73) . Since then, a number of other SLC and ABC transporter genes have been found to be involved in urate handling and implicated in human syndromes affecting uric acid levels. These have been reviewed extensively elsewhere (7, 12, 166, 281, 284) , so we limit the discussion here. At present, it is unclear how many transporters regulate uric acid in vivo and which are most important in human syndromes affecting uric acid. In general, there is a growing appreciation of SNPs in transporters other than URAT1 in common human hyperuricemic syndromes (165, 281, 284) . While URAT1 clearly does transport uric acid, because it is so closely related to Oat1 and Oat3, it is worth reevaluating its functional similarities to these other Oats.
M. Other Oats in Rodents
Among the currently 10 "named" organic anion transporters (OAT1-OAT10), there are at least 3 transporter genes that only exist in rodents (TABLE 1) . For example, Oat5/ Slc22a19 was initially characterized in the rodents, and although it shares a high level of sequence identity with human SLC22A9 and they are homologous to each other, they are not orthologs. On the other hand, Oat6/Slc22a20 has a human ortholog in SLC22A20 (108) , but the sequence similarity between them possibly only extends to two-thirds of the 5' coding region, at least as suggested by complementary cDNA clones.
Another named Oat that has no human ortholog is Oat9/ Slc22a27 (283), which is part of a large cluster of amplified transporter genes that includes a total of eight Slc22 family members on mouse chromosome 19q (discussed in sect. VIB). These eight Slc22 family genes are, in order from the centromere, Oat5/Slc22a19, Slc22a26/BC014805, Oat9/Slc22a27/ AB056442, Slc22a28/EG43674, Slc22a29/D630002G06Rik, Slc22a30/C730048C13Rik, Oat3/Slc22a8, and Oat1/Slc22a6 (FIGURE 6) (283) . The substrates for some of these transporters have not been defined, but based on their sequence similarity, and the fact that each contains a full-length coding region, it would not be surprising if most, if not all, of these transporters can handle small molecule organic anions.
N. Oat-PG/Slc22a22
Among rodent Oat genes without a clear human ortholog is Oat-PG/Slc22a22 on mouse chromosome 15q. Mouse Oat-PG has high affinity for prostaglandin E 2 (PGE 2 ) and is preferentially expressed on the basolateral membrane of renal proximal tubules (219) . Similarly, an Oat-PG ortholog has been reported in rat, also with high affinity for PGE 2 , and with strong expression in renal cortex. In addition, stronger expression of rat Oat-PG is found in the kidney of adult male versus female rats (88) , which is thought to be regulated by glucocorticoids in a mechanism distinct from that regulating the male-dominant expression of Oat1 and Oat3, which involves testosterone and BCL6 (87, 139, 278) . Oat-PG is one of several Oats that appear capable of transporting prostaglandins (219) , and its expression in the kidney appears to be the primary determinant of PGE 2 concentration in the renal cortex (88) , which plays an important role in a number of renal functions, including maintenance of glomerular filtration rate (GFR) (84) . GFR increases during pregnancy, and the concentration of PGE 2 was also found to increase in the kidneys of gestating animals, while the renal expression of Oat-PG is reduced (116) . Studies suggest that pregnancy-induced increases in GFR are due to increased levels of PGE 2 resulting from reduced clearance of this prostaglandin due to downregulation of Oat-PG expression, perhaps because of increased levels of estrogen and progesterone during pregnancy (116) .
IV. ORGANIC ANIONS HANDLED BY OATS
As a major purpose of this review is to discuss emerging concepts related to the endogenous function of Oats in signaling and metabolism, here we discuss some areas in which Oats may play important roles independent of their roles in drug and toxin handling with an emphasis on the categories of signaling molecules and key metabolites transported by Oats.
A. Odorants
When the unusual localization of Oat6 was noticed, it was also noted that several volatile organic anion odorants [in-FIGURE 6. Chromosomal clustering of members of the SLC22 family of genes. The discovery of the organic anion transporters allowed for the chromosomal mapping of their genes, and many of the Oats were found to exist in pairs and/or clusters (70), which was also found to be true for Octs and Oatps (70, 205) . For example, OAT1 and OAT3 were found to exist as a tandem repeat with no other genes between them on human chromosome 11, as well as on mouse chromosome 19. Subsequent sequence analysis of adjacent areas of these chromosomes identified additional transporters clustered together with OAT1 (SLC22A6) and OAT3 (SLC22A8) on both the human and mouse chromosomes (283) . The figure depicts the organization of this SLC22 organic anion transporter-containing cluster on human chromosome 11 (top) and the corresponding region on mouse chromosome 19 (bottom). The significance of this genomic clustering remains to be clarified.
[Modified from Wu et al. (283) .]
cluding those that were later shown to bind Oat6 (FIGURE 5)] accumulated in the body fluids of the Oat1 knockout, presumably due to the lack of this transporter (74, 279) . Oat6 tends to interact with small mono-anions, and its substrates include propionate, benzoate, heptanoate, and other odorants, some of which have up to a 70-fold higher affinity for Oat6 versus Oat1 (112) . Nevertheless, these data come mainly from binding studies rather than actual transport in Oat6-expression systems. The location of Oat6 expression as well as the set of molecules it can interact with raised the speculation that Oat6 might mediate substrate interaction "remotely" between organisms (112, 113, 250) (FIGURES 2 AND 3). Thus one envisions that organic anion odorants of importance in interorganismal and interspecies communication might be excreted into the urine by one animal, become volatile, and interact with either odorant G protein-coupled olfactory receptors or be transported by Oat6 (5, 284) . Such a mechanism could play a role via the sensing and signaling communication between individuals of the same species (male-female; mother-offspring) as well as different species (predator-prey). It is to be emphasized that this is highly speculative. Estrone sulfate is also an Oat6 substrate, and sex steroids in the urine may be transported from the olfactory apparatus in the CNS (154, 180) . It is not clear whether Oat6 is on the apical or basolateral surface of olfactory mucosa, whether it is involved in transepithelial transport or recycling of odorants, or whether it is also expressed in neurons. Nevertheless, based on its localization and putative transport function, it has been suggested that Oat6 could modulate the bioavailability of the odorant stimulus to olfactory neurons (246) . Whether it is involved in transport of drugs across the nose-brain barrier has not been determined. It is also worth noting that there are many so-called odorant receptors in non-olfactory tissue, including the kidney (190, 302) . Odorants transported by Oats (e.g., Oat1 in the kidney and other tissues as well as Oat6 in the testes) might somehow interact with these nonolfactory odorant receptors, but this remains to be shown. It is also worth emphasizing that Oat1, as well as other SLC22 transporters and ABC transporters, are present in olfactory epithelia (160).
B. Cyclic Nucleotides
Among the best substrates in vitro for Oat2 is cGMP (46) . Indeed, it has long been known that Oat1 and Oat3 are able to transport cyclic nucleotides. The extent to which these and other Oats regulate intracellular cyclic nucleotide concentrations, and thereby potentially regulate a myriad of signaling events, is largely unexplored. Given that certain Oats (e.g., Oat3) are expressed in endothelial cells where cyclic nucleotides regulate vascular tone (96, 132) , and since the Oat3 knockout has a reduced blood pressure (265) , the role of various Oats in modulating the cellular and systemic effects of cyclic nucleotide levels in various tissues and body fluids seems to demand further study.
C. Prostaglandins
Among the best sets of substrates for a number of Oats are prostaglandins and related molecules (284) . Indeed, Oat-PG appears to be highly specific for prostaglandin substrates (219) . How Oat isoforms that are expressed in various epithelial cells throughout the body regulate local concentrations of prostaglandins, and thereby signaling events in different tissues and body fluid compartments, remains to be addressed at the physiological level. Nevertheless, there is evidence of a role for Oat3 in regulating the concentrations of prostaglandins in the cerebrospinal fluid. For example, Oat3 expressed in the choroid plexus has been proposed to act as a cerebral clearance pathway for both PGE 2 (238) and PGD 2 (239) . This may be interesting in light of the proposed role of these prostaglandins in the regulation of CNS physiology. For example, PGE 2 has been demonstrated to play a key role in modulating wakefulness (152, 242) , while PGD 2 has a role in promoting physiological sleep (99) . Thus Oat3-mediated uptake and clearance of these prostaglandins from the CSF could conceivably modulate sleep patterns. Therefore, given the high affinity of many Oat isoforms for prostaglandins and the localization of distinct sets of Oats to particular tissues (e.g., choroid plexus for uptake and clearance from the CSF, kidney for uptake and clearance from the blood), this might prove a fruitful area of future research for understanding how the levels of prostaglandins and prostaglandin-like molecules are modulated in specific tissues and body fluids, thereby playing a role in the regulation of complex physiological processes (50, 85, 209) .
D. Conjugated Sex Steroids
Estrone-sulfate has, in vitro and to some extent ex vivo, proven to be a "prototypical" substrate for Oat3, OAT4, and Oat6 (35, 211) . This is in distinction to, for instance, Oat1, which seems to have a lesser preference for this sulfated sex steroid. Moreover, other conjugated estrogens, such as estrogen-glucuronides, are excellent Oat substrates (35, 270) . The implications for a transporter like OAT4, which is highly expressed in the placenta, could be quite important in the context of maternal-fetal communication. However, it is also possible that certain Oats modulate the entry into and/or the exit from many different cells of various conjugated estrogens and perhaps other steroids. This may be related to the different patterns of expression of certain Oats in males and females. Nevertheless, the extent to which such an Oat-mediated mechanism actually affects nuclear receptors that regulate transcription is unclear. Intracellular enzymatic reactions could conceivably "deconjugate" the imported conjugated steroids, adding another layer of complexity to regulation (196) .
E. Gut Microbiome Metabolites, Uremic Toxins, Vitamin-Related Metabolites, Dietary Compounds, and Antioxidants
One of the important findings from untargeted metabolomics studies of the Oat1 knockout was the accumulation of a number of gut microbiome metabolites and metabolites modified by phase I and phase II drug metabolizing enzymes (DMEs) (279, 284) . These included many so-called uremic toxins of CKD such as indoxyl sulfate, p-cresol sulfate, kynurenine, hippurate, and others (TABLES 2 AND 4). Also found to accumulate in the Oat knockouts were compounds in vitamin-related metabolism (e.g., pantothenic acid) and dietary compounds with antioxidant properties (e.g., flavonoids) (TABLES 2-5). Other studies have also indicated a role in folate transport (74) . Levels of uric acid, thought to function as an antioxidant, were altered in the Oat1, Oat3, and Urat1 (originally Rst) knockout mice (73) .
Creatinine is an in vitro and in vivo substrate of Oat3 (103, 264) . Oat1 may also play some role in creatinine secretion, but the data appear less strong compared with Oat3. The extent to which SNPs in OATs and other SLC22 transporters modulate creatinine levels in humans is currently unclear.
V. PHYSIOLOGICAL ROLES OF OATS A. Connections Between the Oat Pathway and Phase I and Phase II DMEs
Metabolomics studies in the knockouts also provide support for the connections of Oats with phase I (e.g., introduction of polar groups) and phase II (e.g., sulfation, glucuronidation) DME pathways. While there had already been in vitro evidence for the role of Oats, particularly Oat3 and Oat1, in the transport of sulfated and glucuronidated substrates, these were also among the major metabolites (among many others) found in the Oat1 and Oat3 knockouts (265, 279, 285) . The combined in vitro and in vivo data demonstrated that these transporters are intimately connected to phase I and phase II metabolism and, indeed, are a major mechanism for the distribution and elimination of metabolites altered by phase I and phase II processes (285) . This area requires further exploration. In this regard, it is interesting to note that Oats are regulated by some of the same transcription factors (e.g., Hnf4␣) as other DMEs (149) . For example, treatment of whole embryonic kidney cultures with an Hnf4 antagonist not only perturbed the expression of a number of DMEs, but it also altered the expression of several SLC transporters, including Oat1 and Oat3 (FIGURE 7) (149) . Furthermore, overexpression of both Hnf1␣ and Hnf4␣ in primary embryonic mouse fibroblasts not only induced the expression of phase I and phase II DMEs as well as transporters (FIGURE 7), but it also induced the probenecid-inhibitable uptake of organic anions (149) . Systems biology analysis also implicated, in addition to Hnf4␣ and Hnf1␣, other transcription factors in the regulation of phase I, phase II, and phase III (transporters) DMEs in the proximal tubule (149).
B. Maternal-Fetal and Maternal-Neonatal Communication
Relatively little is known about transport via Oats across the maternal-fetal barrier. Of particular interest is the high expression of OAT4, which can transport conjugated sex steroids, drugs, and toxins (35 
VI. RECENT ADVANCES IN OAT RESEARCH
A. Substrate Modeling and Transporter Modeling
Several computational chemistry approaches have been used to study Oats and their substrates. In general, there are two basic approaches, the transporter protein-based approach and the ligand-based approach (3, 57, 112, 131, 250, 251, 253, 279) .
The protein-based approach attempts to recapitulate the three-dimensional structure of the transporters themselves. Unfortunately, there is very little detailed structural information on mammalian SLC22 transporters. Nevertheless, homology-based modeling using the crystal structure of glycerol-3-phosphate transporter (GlpT) as a template has been used to construct a human OAT1 structure model (FIGURE 8A) (251) N-acetyl-leukotriene E4 Arachidonic acid 9 192 Continued NIGAM ET AL.
the hemidomains are in close approximation), was proposed to be the main site for the substrate-transporter interaction (253) . A 100-ns in silico simulation suggested that opening of the central cavity to the extracellular milieu was accomplished by a tilting of the two hemidomains of human OAT1 such that the intracellular aspects moved towards each other causing the extracellular portions of the hemidomains to move apart so that substrates could enter the central cavity of the transporter (253) . Other static models have helped reconcile site-directed mutagenesis data with the putative Oat1 structure (188).
Ligand-based modeling, on the other hand, is aimed at identification of chemical features common to transporter substrates; these are then used to generate pharmacophore models (FIGURE 8B) (3, 57, 112, 131, 250, 279) . Employing this type of approach, Oat1-and Oat3-selective pharmacophore models have been created and used to virtually screen chemical libraries (57, 112, 131) .
Here we discuss an interesting example related to Oat3 substrates. The possibility that Oats could bind anions or cations was suggested with the original discovery of Oat1 as NKT (144) . To investigate this, an Oat3-specific pharmacophore model was built using chemical features common to several organic cationic drugs found to be capable of high-affinity binding to Oat3, and included hydrogen bond acceptor features, a hydrophobic core feature and a positive ionizable feature (3). Finally, this pharmacophore was used in a virtual screen of a chemical database which identified novel cationic molecules with the potential to interact with Oat3. Some of these molecules inhibited substrate-Oat3 interactions in wet-lab assays (3). These studies support the view that, even though Oats share many structural similarities, their binding domains are likely to enable differential binding of substrates (3) .
Other studies of substrate characteristics have employed quantitative structure-activity relationship (QSAR)-based approaches to analyze Oat1, Oat3, and Oat6 substrate specificity (112, 250) . Instead of analyzing the structure of ligands as a whole group, QSAR analysis focuses on finding individual physiochemical properties of ligands one by one and discovering the correlations between these molecular, atomic properties, and the substrate affinity.
One of the current questions relates to understanding how the various modeling approaches and platforms relate to each other.
B. Evolution and Clustering in the Genome
Organic anion transporters belong to a SLC22 subfamily that is a part of a large solute carrier family of transmembrane proteins (70, 144) . Similar to other SLC transporter subfamilies, many members of the SLC22 family, such as OAT1 and OAT3, are highly conserved, and their orthologs can often be found in most vertebrate species as well as fly and worm (70, 283) . A typical organic anion transporter gene is usually transcribed to a gene product of ϳ550 amino acids for a full-length transporter with 12-transmembrane helixes (FIGURE 1). Sequence and phylogenetic tree analyses suggest that the 12-transmembrane domains of MFS transporters are usually comprised of 2 halves of 6-transmembrane segments, each of which are thought to have originated from a multiplication of a two-transmembrane core structure (199) . When their coding regions were compared, at least 81% of the amino acids were conserved among all four transporters (283) . Furthermore, there is 95% amino acid sequence identity between AB056442 and D630002G06Rik, and 97% amino acid sequence identity between EG43674 and C730048C13Rik. This high percentage of sequence identity suggests that these four genes are likely to have been generated from recent sequential gene duplication events (FIGURE 9) (283) . Thus, at least in the mouse genome, Oats may still be under active selection. If so, it will be very important to try to attempt to understand the driving forces.
These four novel genes are part of a larger cluster of genes that are all members of the Slc22 family. Flanking these four novel transporter genes are Oat1/Slc22a6 and Oat3/ Slc22a8 on one side, and Oat5/Slc22a19 on the other. As described above, these three transporters share some substrate specificity, and sequence analysis indicates that all of the transporter genes in the cluster (spanning about 1 Mb) share a high degree of sequence similarity (283) , raising the possibility that these novel transporters may also be able to handle small molecule organic anions similar to that of Oat1, Oat3, and Oat5 (70, 283).
A similar cluster of genes related to organic anion transporters by sequence comparisons on (human) chromosome 11 not only includes the prototypical OATs of OAT1/SLC22A6 and OAT3/SLC22A8, it also includes SLC22A9, SLC22A10, UST6/SLC22A25 (unknown substrate transporter 6), and MGC34821/SLC22A24. MGC34821 is a SLC22 family gene based on sequence similarity and encodes a 322-amino acid COOH-terminal truncated gene product. Similar to its mouse cluster counterpart, these human genes in the cluster are highly similar.
However, it appears that only the OAT1 and OAT3 genes have clear orthologs between human and mouse: the other genes in the two clusters are homologous but do not appear to be orthologous by usual sequence comparisons. It has thus been suggested that the non-orthologous transporter genes in the clusters evolved independently, after mouse and human speciation (283). 
C. Epigenetic Regulation
Epigenetic regulatory mechanisms are dynamic, potentially inheritable, processes which alter transcriptional activity without affecting DNA sequence and represent a key mechanism for the response to environmental and other changes (109) . These processes are broadly construed to include covalent modifications of DNA and histones, chromatin folding, and regulatory noncoding RNAs (microRNAs).
There is a growing amount of data supporting epigenetic regulation of transporter expression levels with potential functional consequences. For example, DNA methylation of the OAT3 promoter has been found to play a role in determining the accessibility of HNF1 resulting in the negative regulation hOAT3 expression in transfected cells (118) . Similarly, the kidney cortex-specific expression of human and mouse urate transporter 1 (URAT1) was found to be dependent on DNA methylation (117) . Altered methylation patterns of the Oct1 gene (Slc22a1), which encodes an organic cation transporter that is very closely related to Oat1 (Slc22a6) and Oat3 (Slc22a8) and has some overlapping substrate specificity, occur in liver tumors (89, 210 Furthermore, histone acetylation is thought to be a major determinant of tissue-specific expression (e.g., liver versus kidney expression) of other SLC drug transporters (Oatp subfamily members, which has isoforms often largely expressed in either liver or kidney). There are now data that suggest that the changes in transporter expression (including the Oat-related SLC22 transporter gene, Oct3) can at least be partly reversed by clinical drugs targeting epigenetic modifications (42, 290) . Analysis of the growing amount of data available from the ENCODE project (61) should set the stage for a great deal of experimentation in this area.
D. Transcriptional and Posttranslational Regulation
Transcription factors play a critical role by binding cis-regulatory genomic elements and recruiting transcriptional machinery, chromatin modifying complexes, or proteins that repress transcription (61 the upregulation of Oat1 expression in mice (98) . In addition, ochratoxin A and mercury conjugates are substrates of Oats (249, 307) that have been shown to regulate Oat1 and Oat3, at the mRNA and protein levels (54, 249, 307) . Some of the earliest examples focused on induction by PAH and penicillin, both Oat1 substrates (91). In addition, early studies were also performed in both pregnant animals and neonatal animals, which indicated that during these critical stages of development a "inducibility window" is likely to exist (95, 176) .
It is important to note that Oat1, Oat3, and most likely the remaining Oat family members are regulated posttranslationally. Protein kinase C (PKC) sites were noted when Oat1 was cloned as NKT (144) . While the role of phosphorylation of these particular sites is unclear, Oat1 trafficking, protein turnover, and specificity has been shown to be modulated at various phosphorylation sites by PKC and likely other signal transduction pathways (300). In addition, there is an association with PDZ domains (14) . Thus consideration of transcriptionally driven responses to internal or external stimuli should include not only direct regulation of Oat mRNA levels, but also transcriptional regulation of upstream transcriptional networks and downstream posttranslational regulatory pathways (207) .
Studying the proximal promoter sequences of Oat1 and Oat3 implicated Hnf1␣ and Hnf4␣ (118, 183) . However, these experiments were carried out in artificial systems and did not address the endogenous regulation of these transporters. While few transcription factors have been definitively linked to the Oats, the deletion of Hnf1␣ has clearly shown that it is connected to Oat1 and Oat3 regulation (147) . Deletion of Hnf1␣ in mice has been shown to cause Fanconi syndrome, insulin secretion defects, and other metabolic disorders (193) .
While Hnf1␣ has been the only transcription factor confirmed with a knockout model, multiple lines of evidence have indicated a major role for Hnf4␣ in the transcriptional regulation of Oat1 and Oat3. In the kidney, Oat1 and Oat3 are highly expressed in the proximal tubule. Of the factors identified by in silico analysis, Hnf1␣ and Hnf4␣ expression is limited to the proximal tubule in the kidney after nephrogenesis has ceased (245) . While the importance of Hnf1␣ was confirmed with a mouse model, deletion of Hnf4␣ leads to embryonic lethality, and a model with proximal tubulespecific deletion of Hnf4␣ has not yet been reported. However, it was recently shown that Hnf4␣ was bound at Oat1 and Oat3 promoters in vivo in 2-wk-old rats, when Oat1 and Oat3 expression is rapidly increasing (78) . ChIP-seq studies led to the identification of binding sites (149) . It was also shown that Hnf4␣ and Hnf1␣, when virally transduced into mouse embryonic fibroblasts, regulate the expression of Oat1 and other drug transporters (FIGURE 7) (149) . This further supports an important role for Hnf4␣ in Oat regulation, as well as the relevance of in vitro findings in the developmental in vivo context. In addition, Bcl6 has also been shown to transactivate the Oat1 promoter (278) .
As further discussed below, one of the most likely mechanisms involved in remote sensing and signaling is regulation through the nuclear receptor family of transcription factors. Nuclear receptors act as sensors of various internal and external cues (e.g., steroids, xenobiotics, lipids), poised to respond to the appropriate stimulus by inducing the corresponding transcriptional response. While some nuclear receptors do have constitutive activity in the absence of their ligand, a major mode of the known nuclear receptors' transcriptional activity is dependent on stimulation, thus providing a convenient mechanism for dynamic transcriptional response to signaling molecules from remote tissues and for substrate inducibility. Moreover, hormones acting on nuclear receptors that regulate Na ϩ -K ϩ -ATPase activity potentially ultimately alter Oat transport due to the tertiary transport system. Male and female sex hormones are known to result in increased or decreased organic anion transport expression (139) , and glucocorticoid hormone has an effect on sodium transport (296) . In addition, activation of nuclear receptors, including Vdr (277), Rar, Gr, Fxr, and Lxr (121), is known to be involved in integrating signals in proximal tubules. Furthermore, as described earlier, another nuclear receptor that has been suggested to play an important role in direct Oat transcriptional regulation is Hnf4␣ (149) . In addition to having a ligand-binding domain, Hnf4␣ has multiple phosphorylation sites, protein coregulators, and isoforms based on alternate splicing and promoter usage in different tissues. For example, the P1 promoter of Hnfa4a is primarily used in the kidney, while the more distal P2 promoter is primarily used in the pancreas (51) . This likely holds true to some extent for the other implicated nuclear receptors and transcription factors, creating many different potential combinations that alter specificity and, through protein-protein interactions, the potential for sensing.
E. Human SNPs and Handling of Drugs and Metabolites
Although known to be important drug and toxin transporters, the clinical effects of variation in SLC22A6 and SLC22A8, which are located in tandem on human chromosome 11, have not been completely characterized. A lowfrequency polymorphism in OAT3 (Ile305Phe) affects cephalosporin (cefotaxime) handling in Asians, and this is supported by lower transport activity in vitro in transfected cells (292) . A SNP at R454 in OAT1 has been associated with altered transport of the antiviral drug adefovir in vitro (77) . An intergenic polymorphism located between these genes was found to be associated with the blood-pressurelowering effects of thiazide diuretics (83) . An interesting study examining the effects of 18 SNPs in mercury trans-porter genes was carried out in individuals with varying degrees of exposure to gold mines in Indonesia, the Philippines, Tanzania, and Zimbabwe. Individual SNPs in both OAT1 and OAT3 were associated with urinary concentrations of mercury in Tanzanians (66) . In addition, the correlation between methotrexate (MTX) plasma levels and variation in 12 genes involved in MTX transport was examined in 151 pediatric acute lymphoplastic leukemia patients. SLC22A6-SLC22A8 haplotypes were associated with MTX levels, but this association was no longer deemed significant after controlling for multiple comparison testing (141) .
It is also worth noting that transepithelial transport of organic anions involves entry into and exit out of the cell, not to mention movement between cellular compartments. Not all the genes involved are unambiguously identified. Nevertheless, to the extent possible, it seems reasonable in future studies to evaluate SNPs in transporters (and other genes) involved in all these steps (26, 286) .
A number of SLC and ABC transporters have been implicated in the modulation of uric acid levels (12, 284) . Among these are several Oat family members. SLC22A12 (URAT1) and SLC22A11 (OAT4) have primarily been associated with uric acid levels (110, 114, 130, 237, 243, 248, 268, 291) and prevalence of gout (153, 268) . While Oat1 and Oat3 clearly are involved in urate handling in vitro and in Oat knockouts (73), the role of these genes in humans remains to be clarified. One study found the effect of genotype was modified by the presence of certain SLC22A11 variants and use of thiazide or loop diuretics (153) . These drugs are primarily handled by Oat1 (Slc22a6) and Oat3 (Slc22a8) as has been confirmed in knockout animals (74, 266) . However, SLC22A12 is also involved in drug handling. For example, the chemotherapeutic response of acute myeloid leukemia patients was found to be SLC22A12 genotype-dependent (101).
F. Expression and Function in the Developing Kidney and During Regeneration
As kidney function matures from the fetal to the postnatal period, changes in the filtration, excretion, and reabsorption profiles of metabolites, toxins, and xenobiotics occur. These alterations presumably account for the difference in drug pharmacokinetics observed in neonates and infants compared with adults (11, 167, 267) . Underlying the developmental changes in renal metabolite and drug clearance are alterations in expression and function of various transporters including those of the SLC and ABC families. Recent studies have described the differential expression of the SLC family of transporters, including the organic anion (Oats), organic cation (Octs), and others, during kidney development (FIGURE 10) (144, 169, 230, 233, 245) . Gender is an important factor in their expression patterns (32) .
Moreover, environmental stressors such as ischemia and nephrotoxic drugs may alter the expression of the tubular transporters in the developing kidney, leading to significant changes in drug metabolism and renal clearance by premature infants and neonates (176) . Recent studies have provided some insight into the developmental changes in the expression and function of the Oats in the maturing kidney (230, 233) . The embryonic kidney in organ culture is able to transport organic anions (FIGURE 11) (149, 169, 204, 233, 250) . Oat expression generally appears to increase with postnatal kidney development, which also correlates with an increase in transport of PAH (FIGURE 10) (230) . As discussed elsewhere, Oat expression and function have been shown to be under the control of many developmental regulatory mechanisms; however, further investigations are required to elucidate the precise manner by which these regulatory mechanisms come into play during the different developmental stages of the kidney such as those defined by global transcriptomics data (226, 252) . Recent studies investigating Oat expression and regulation in the developing kidney suggest a key developmental role for Hnf4␣ and Hnf1␣ (149) .
G. Regulation of Metabolism
Oat1 has been directly and indirectly implicated in a broad group of metabolic pathways. From in vitro assays, it is known that Oat1, as well as other Oats bind and/or transport a wide range of metabolites. This concept has been supported in vitro by targeted and untargeted metabolomics of the Oat1 and Oat3 knockout (TABLES 2-5) (74, 279, 285) . Global gene expression alterations in the Oat1 knockout, together with metabolic changes, have enabled reconstructions of Oat1-dependent regulation of metabolic pathways (FIGURE 12) (4) . The changes in the metabolic pathways may be due to altered transport of Oat1 substrates in the pathway or indirectly affected, for instance, because Oat1 transports a cofactor necessary for the pathway to be active. Similar reconstructions have been performed for the Oat3 knockout (285) . These metabolic reconstructions suggest that Oats play a much broader role in metabolism than generally appreciated.
VII. THE REMOTE SENSING AND SIGNALING HYPOTHESIS
A. Overview SLC22 is medically, pharmacologically, and physiologically an interesting transporter family because substrates of various family members span small molecules that include drugs, toxins, and metabolites; mutations in some family members cause serious human metabolic disease (127) . The remote sensing and signaling hypothesis, first proposed around 2006 -2007 (5, 113, 160, 284) , was developed as it became increasingly clear that 1) many of these endogenous substrates were also important rate-limiting metabolites and signaling molecules and 2) many of the isoforms of the more newly described Oats were not significantly expressed in the kidney (e.g., Oat6) or were not exclusively expressed in the kidney as originally seemed to be the case (e.g., Oat1, Oat3). Instead, they are expressed in many tissues, some of which are less well studied in the context of drug transporters. These include the selectively expressed SLC22 isoforms in the olfactory mucosa (Oat6), the placenta (OAT4), the choroid plexus (SLC22A17) (170) , and elsewhere in adult and in developing tissue. In the developmental case, the expression is sometimes transient such as in the developing brain/neuroectoderm (Oat1 and Oat3) and the aortic arch (Oct1) (187). As already described above for individual Oats, over the years, novel substrates discovered through in vitro and in knockout analyses have included isoform specific transport of cyclic nucleotides, prostaglandins, odorants, antioxidants, and conjugated sex steroids. These small molecules have potential roles in intracellular signaling, morphogenesis, organ maturation, repair, and communication across the placenta, as well as between organisms (5, 203, 207, 284) .
Thus it appears that transporters of the SLC22 family, and perhaps SLC and ABC drug transporters in general, might by virtue of both their expression in multiple tissues and their capacity to transport diverse signaling molecules, mediate cross-talk between different organs, tissues, and cells (4, 5, 64, 207, 284) . This general notion seems to be supported by the fact that various transporters in different tissues appear to be regulated by injury to the same or another tissue (29, 174, 207) . While the mechanisms are far from clear, there is now a body of evidence for substrate regulation possibly mediated by "sensing" via transcription factors (62, 149) and the potential specific interaction of molecules transported by Oats involved in chemosensation by non-olfactory odorant GPCRs (190, 302) . There is also evidence for regulation at multiple levels by growth factors SL22 transporters regulated at least 2 fold between at least 1 pair of consecutive stages of kidney development and hormones produced elsewhere in the body (9, 58, 62, 211, 284) . Much of this has been already described in the first half of this review on Oats, their substrates, and regulation at multiple levels.
In addition, there is circumstantial support for the possibility that metabolites and signaling molecules produced by one organism such as bacteria or an animal might be directly accessible to another organism, whereupon they could affect metabolism or signaling events in that other organism (279, 284) . Possibilities include fetal-maternal communication via the placenta (151, 220), maternal-neonate communication via breast-feeding (80, 136, 284) , effects of the gut microbiome on host systemic physiology (273, 279) , and communication between animals by excretion of signaling molecules (e.g., odorants) into the urine (5, 6, 25, 107, 113, 160, 175, 212, 284) .
Taken together, these many types of data suggest that the SLC22 transporters and possibly other "drug" transporters need to be considered from a broader systems biology perspective rather than as isolated transporters involved in specific transport of drugs and toxins (5, 112, 160, 284) . The Remote Sensing and Signaling Hypothesis, in its several elaborations over the years, is an effort to build a broader systems physiology perspective on the role of Oats interorgan crosstalk in the normal homeostatic setting as well as after acute and chronic perturbation (5, 113, 160, 284) . This is in contrast to the frequent focus on an individual transporter or a set of transporters in a single epithelial tissue. It is argued that remote-sensing and signaling mediated through Oats and other drug transporters in various tissues regulating small molecule access to cells and body fluid compartments could function in parallel with the neuroendocrine system and growth factor regulatory systems to regulate homeostasis and restore the system after stress (FIGURES 2 AND 3) (5, 284).
Connections to so-called phase I and phase II DMEs in tissues are emphasized from the perspective of generating and inactivating key metabolites and signaling molecules involved in remote communication between organs, epithelial and nonepithelial (including the nervous system and blood cells), body fluids, as well as other organisms (149, 279, 285) . Oat3, for example, transports (in addition to a set of unmodified organic anions and some cations) many glucuronidated and sulfated substrates, including dietary flavonoids, conjugated drugs, and conjugated sex steroids.
An important feature of the system is the ability to adapt itself to prenatal and postnatal developmental needs or upon perturbation through transcriptional and posttranscriptional alterations in Oats and other transporters so that necessary small molecule communication is maintained or reset systemically and/or locally (4, 187, 284) . The hypothesis is relevant to the understanding of drugmetabolite interactions, metabolite-metabolite interactions, and systemic and local metabolic abnormalities seen in such syndromes as diabetes, metabolic syndrome, hyperuricemia, acute organ injury (e.g., acute kidney injury or AKI), liver disease, and the uremia of chronic kidney disease (284) . 
B. Underlying Ideas and Potential Implications of the "Remote Sensing and Signaling Hypothesis"
The hypothesis may facilitate building a new framework for novel avenues of molecular, cellular, and physiological experimentation and analysis of large data sets in the field, as well as reevaluation of older studies in a systems biology context. What has been described so far in this overview is essentially a summary of the original hypothesis and its elaboration between 2006 and 2011 (5, 112, 113, 160, 284) . Given that it is a broad multilevel perspective to establish guidelines for future Oat research, it is deemed important to break down the global picture into basic concepts, important to the hypothesis, that can be further evaluated. One goal here is to suggest new experimentation in specific areas that may help with further refinement or restructuring of the hypothesis. Highlighted below are what might be considered some key underlying ideas and implications of the "Remote Sensing and Signaling Hypothesis." Although they may be yet to be proven at the whole organismal or interorganismal physiological level, they are supported by varying degrees of in vitro, ex vivo, and in vivo data for certain Oats. The concepts are an attempt to bridge the gap between the older physiological studies and the newer molecular and cell biological work, as well as systems biology interpretations that have occurred since the cloning of Oats and other drug transporters nearly two decades ago. What follows is also an explicit attempt to set the stage for computational modeling of a remote sensing and signaling system that may have complex nonlinear properties. We believe it is crucial for the field that these types of questions be more systematically addressed. Both because of the exclusive focus so far on Oat biology, and because it is easier to explain data and examples as well as future research avenues in the context of a single transporter subfamily, the remote sensing and signaling hypothesis is discussed almost entirely from the viewpoint of Oats.
Role of Oats and other multispecific transporters in communication between different tissues, organs and body fluid compartments
Oats and other multispecific transporters may have evolved in part to handle exogenous toxins, but their physiological role seems to be regulation of metabolite and signaling pathways (see sect. IV). Under basal physiological circumstances, levels are presumed to be regulated by particular sets of Oats and other transporters maintaining the influx into or efflux out of cells, tissues, and body fluid compartments of particular types of metabolites and signaling molecules necessary for local and systemic physiology. Although we discuss below a more "active" role in regulation (and reestablishment) of homeostasis that is analogous to the neuroendocrine and growth factor systems with respect to interorgan communication, it is worth emphasizing the importance of the role of the Oats and other multispecific transporters in the straightforward movement of small molecules with informational content (e.g., key metabolites, antioxidants, signaling molecules) (74, 279, 285) between body compartments: remote communication. Some of these compounds, such as cyclic nucleotides, steroids, and prostaglandins, have central roles in classical intercellular or cell surface signaling, whereas others such as flavonoids can at least indirectly affect signaling pathways (e.g., those mediated by mitogen-activated protein kinase and phosphatidylinositol 3-kinase) (223) .
As already discussed (sect. IV), this notion is supported by the fact that Oats interact with numerous endogenous metabolites and signaling molecules, many of which accumulate in single Oat knockouts (4, 74, 279) . As discussed below, it is presumed that more such molecules would accumulate if the system is acutely stressed, especially if more than one Oat isoform is inactivated. Moreover, by virtue of their expression in most barrier epithelia in the body, Oats are presumed to help regulate the net levels of these molecules within cells, tissues, and body fluid compartments (such as CSF, blood, urine, and bile) (160).
Restoring homeostasis after perturbation or injury
Remote sensing and signaling via multispecific "drug" transporters, although important for basal state physiology, may be even more critical for resetting the perturbed system to normal. In this regard, it may function akin to endocrine, autonomic, and growth factor signaling systems in responding to injury and acute, subacute, and chronic perturbations.
While certain Oats may be functionally important for basal physiology, others may become important when the system is perturbed and help to coordinate the restoration toward the original state (FIGURE 13) . In other words, cells in organs, as well as multicellular structures responsible for physiological functions (e.g., kidney proximal tubule), not to mention the organ itself, are specialized for the handling of metabolites, signaling molecules, and nutrients as well as endogenous and exogenous toxins via a particular set of transporters. Upon injury to the same or another organ (e.g., ischemic, toxic, partial resection), the expression of the functionally relevant sets of transporters (or key covalent modifications) changes, not only in the injured organ but in other organs as well. For example, after renal injury, not only are there expected changes in the expression of Oats and other transporters, but there are also changes in the expression of drug transporters, such as P-glycoprotein (P-gp) and Mrp2, in the liver and intestine (172, 173, 181) . While the factors inducing these changes remain to be unambiguously identified, it has been recently shown that treatment of Caco-2 (an intestinal cell line) or Hep3B (an hepatic cell line) cells with either deproteinized uremic serum or with representative uremic toxins (i.e., CMPF, hippuric acid, indole-3-acetic acid, 3-indoxyl sulfate, p-cresol) altered the expression of Mrp2 and Oatp1b1 and Oatp2b1 (255) . The importance of covalent modifications of Oats has been studied (300), but is not well understood in the setting of cell and organ perturbation/recovery (5, 207) . Taken together, the data support the notion that small molecules, many of which have been identified as key substrates of Oats and other multispecific transporters, are able to signal between different organs and cell types, which in the setting of injury leads to alterations in the functional set of transporters.
Altering (different) functional sets of Oats and/or other transporters at the cell surface is presumed to enable "sensing" of newly accumulating substrates or changing levels of existing substrates (such as endogenous toxins). There may be additional mechanisms to sense biochemical alterations associated with injury such as altered redox potential or pH; these could affect transporter expression, protein folding, or movement in the secretory pathway or bioassembly of plasma membrane complexes containing drug transporters, among other mechanisms (134) . Once substrates (e.g., steroids, cyclic nucleotides, lipids, xenobiotics) gain entry to the cell, there can be alterations in transporter expression via sensing of the substrate by transcriptional machinery, including nuclear receptors. Similarly, a sensing mechanism that is not necessarily within the nucleus may regulate recycling of membrane compartments (holding the transporter), cytoskeletal association, or phosphorylation (which may either directly affect transporter function or affect recy-cling/cytoskeletal association). Together, these mechanisms could result in different net handling of metabolites, antioxidants, nutrients, and signaling molecules, until recovery occurs, whereupon the system eventually reverts to its earlier state with respect to transporter expression, recycling, cytoskeletal association, phosphorylation, and so on (5, 37, 58, 60, 219, 284, 300) . Such autoregulatory mechanisms may not be limited to recovery from severe perturbations but may also be important to normal cellular and organ homeostasis in the basal state. Through similar mechanisms, Oats and other multispecific transporters could also help regulate cell fate during development and regeneration (5, 187, 231, 233, 284) .
Much of the targeted and untargeted metabolomics data in knockouts come from plasma samples. This does not indicate the origin of the metabolite or signaling molecule or its site of uptake/action. Nevertheless, coordination, or the lack of it in pathological states, between efflux (generally ABC) and influx (generally SLC) transporters in the same and different tissues may be important. For instance, metabolites accumulating in a diseased liver or muscle may rely on ABC transporters for release into the blood; these, in turn, may be eliminated by SLC transporters, notably Oat1 and Oat3, in the kidney or be remotely "sensed" via uptake by Oats or other SLC transporters in pancreatic endocrine cells or nervous system, thereby altering homeostasis actively (5, 29, 284 13 . Potential role of Oats and other transporters in normal and perturbed homeostasis. Members of the SLC and ABC transporter families are involved in the handling of a wide variety of endogenous and exogenous substrates, including nutrients, metabolites, signaling molecules, toxins, and drugs. As described in the text, it is hypothesized that these transporters are essential for maintaining normal homeostasis and play key roles in resetting the system after homeostasis is altered. Transporter-mediated interorgan communication is disrupted after insults to the system (e.g., toxins, ischemia, or competitive inhibition by other substrates), leading to perturbed substrate clearance. Resetting and eventual reestablishment of intact homeostatsis likely occurs through changes in expression and/or function of the transporters (e.g., transcriptional, translational, or posttranslational modifications) in either the injured tissues or in other tissues participating in the larger remote-sensing network involving SLC and ABC transporters. [Modified from Ahn and Nigam (5) , with permission from ASPET.] mation for the tissue distribution of drugs and toxins in the setting of injury (FIGURES 12 AND 13) .
Epigenetic "memory" of prior conditions
As described earlier, evidence supports a role for epigenetic mechanisms in the expression of drug transporters (15, 102, 117, 118) . Nevertheless, the role of epigenetic changes on transporter gene regulation in tissue injury and recovery remains largely unexplored. After recovery from injury, epigenetic modifications to regulatory elements of drug transporters and phase I and II enzymes linked to their function may remain (104) . We discuss here the possibility of this resulting in a "memory" for future insult, which may enhance or otherwise alter the capacity to respond transcriptionally by increasing expression of the same or different SLC/ABC transporter (or, potentially, diminish it). This would change the "overall transport function" of affected cells and tissues. This could be important during the early recovery phase from injury, for example, elimination of deleterious endogenous compounds (e.g., molecules causing uremia or hepatic encephalopathy) that have accumulated (140, 206, 272) .
It is known that there is a developmental "window" for substrate induction of Oat-mediated transport in the postnatal kidney (95) ; it is unclear whether a similar phenomenon occurs in the regenerating kidney with respect to the drug transporters and DMEs. There are, however, striking parallels between kidney development and kidney recovery after injury.
Although it remains unclear whether injury can lead to epigenetic changes affecting subsequent transcriptional regulation of drug transporters, it is worth noting that some substrates of these transporters have been found to induce epigenetic alterations. For example, Oats can take up butyrate and its derivatives (74, 270) . Butyrate, as well as a number of other dietary components, has been shown to affect histone acetylation by inhibiting histone deacetylase (HDAC) (189) . In addition, epigallocatechin-3-gallate (EGCG), epicatechin, quercetin, catechin, and other flavonoid-like compounds are transported by Oats and other "drug" transporters (276, 280, 285) ; they can potentially affect epigenetic profiles through their ability to alter the function of histone acetyltransferase (HAT) (189) , as well as perturb DNA methylation patterns by inhibiting DNA methyltransferase (DNMT) activity. These effects could conceivably even extend transgenerationally. If such affected regulation of transporter expression does occur, this general mechanism could also affect the ability of a "recovered" organ to handle metabolites, signaling molecules, drugs, and toxins in a way that is distinct from the previous "uninjured" state. By this mechanism, the experience of injury and resultant altered expression profile of drug transporters may be "remembered" despite recovery.
Remote sensing and signaling via Oats is closely linked to DMEs
In higher organisms, a complex highly regulated, somewhat hierarchical network of so-called phase I, phase II, and phase III (drug transporters) DMEs exists. Although in the literature this is largely considered in the context of drug or toxin metabolism and elimination, another way of looking at this is as follows: in mammals, in the basal state, this network of DMEs and transporters has been set up for maintenance of homeostasis via remote sensing and signaling, and drugs and toxic substances may usurp this system. In metabolism associated with normal physiology (in the absence of drugs), there may be a stronger interdependence of phase I and II processes with phase III than currently emphasized in much of the literature; this interdependence may even be greater in the settings of postnatal development and organ injury repair. Thus, these dependencies between phase I/phase II DMEs and phase III transporters may differ according to the stage of life and pathophysiology. The activity of phase I and phase II reactions (e.g., hydroxylation, sulfation, and glucuronidation), while creating new metabolically active compounds (e.g., indoxyl sulfate, pcresol sulfate, flavonoid-glucuronides, estrogen-sulfate) that can affect nuclear receptor or kinase signaling, likely also play a role in targeting these molecules to tissue compartments or body fluids. In fact, it is often the modified form that is best transported by various drug transporters expressed in tissues. For example, Oat3 has a different pattern of expression than Oat1, and it appears to be a better transporter of glucuronidated molecules. Deconjugation reactions may then occur intracellularly, leading to a more active molecule in the cell. For example, if in the future this were found to be the case for steroid hormone conjugates, which are among the best substrates of Oat3, Oat4, and Oat6, regulation of the expression of multispecific transporter genes, or the transport process itself, may begin to be viewed as a key aspect from the perspective of endocrine and developmental physiology.
Oats and other multispecific drug transporter families are linked to classical signaling pathways
Molecules handled by this system include signaling molecules potentially capable of activating GPCRs in the body, including odorant molecules acting upon renal and nonrenal odorant receptors, prostaglandins, and gut microbial metabolites (190, 302) . In addition, certain drug transporters and certain GPCRs bind similar sets of signaling molecules (e.g., prostaglandins, kynurenine, odorants), and it will be interesting to compare binding in solved three-dimensional structures. Some drug transporters are also efficient cyclic nucleotide transporters and may regulate cellular cGMP and cAMP levels, thereby potentially playing a more direct role in affecting cell signaling and tissue fate by modulating the many different cellular processes known to be regulated by cyclic nucleotides (43, 200) . Interestingly, some of the transporters are associated with PDZ domains, a "hot spot" for signaling and intercellular communication as well as for the assembly and regulation of intercellular junctions (14, 53, 115, 306) .
In addition, among SLC transporters within the genome, there appear to be some "hemi-transporters" with six transmembrane domains (199) ; it remains to be determined whether these have similarities to GPCRs. This will be important to explore in future work. In this regard, it is worth noting that the original identification of NKT (now called Oat1) in 1996 was through a screen for GPCR-like sequences in the kidney using codon-optimized differential display (CODD) (142, 144) .
Oats and other multispecific transporters need to be considered in the context of classical transcriptional regulatory mechanisms
Oats and other multispecific transporters regulate uptake and egress of many signaling and other molecules that are nuclear receptor ligands (e.g., sex steroids, fatty acids, indoxyl sulfate) or activate other transcription factors (cAMP) (279) . In turn, their regulation (transcriptional and posttranscriptional) may be critical for nuclear receptormediated gene regulation. Indeed, these nuclear receptors may be central to certain types of "remote sensing" mechanisms in that molecules transported by SLC and/or ABC multispecific transporters from one tissue or body fluid compartment may be taken up into cells of a remote tissue (via SLC and/or ABC transporters with overlapping specificities in the remote tissue) whereupon they are bound by nuclear receptors or other transcription factors and thereby modulate the remote tissue transcriptional program. For example, estrone sulfate, the sulfated metabolite of estrogen, is an Oat substrate (e.g., Oat3) and enters cells via these drug transporters. Upon entering cells, estrone sulfate (possibly also the desulfated form) potentially binds to estrogen receptors found in the cytosol or nucleus inducing conformational changes in the receptor followed by its dimerization and assembly on target gene promoters leading to alterations in gene expression (31, 196, 215) . Even if this is a very small effect, given circulating levels of steroid hormone conjugate, it may be of physiological significance, for example, in the setting of SNPs that alter intracellular levels. This may include subtly altering the expression of a similar or different set of SLC uptake and/or ABC efflux transporters in that tissue, and thereby, affecting the net movement of substrates. Although the combinatorial possibilities are many, the key point is that the intracellular levels of certain transported substrates that are also ligands for nuclear receptors, or which affect other transcriptional events, may thereby be altered or modulated by such a mechanism. This requires quantitative data from different cell types and perhaps real time measurements of small molecules.
Coordination of inter-organ communication during development and regeneration
Transporter and DME activity must be somewhat coordinated at some level between organs during the postnatal period to maintain levels of signaling molecules and key metabolites. The same would seem to apply to the situation after acute injury to one organ (e.g., liver) vis a vis the uninjured organs (e.g., kidney). Little is known about this type of coordination between organs, and this will be an important area for future work. Interorgan communication of this type might be viewed as an emergent property of the transcriptional regulation of phase I, phase II, and phase III DMEs by exogenous and endogenous substrates as well as the modulation by growth factors and neuroendocrine influences, which are known to play critical roles during development and injury repair. The application of methods used to study complex adaptive systems and network science may be fruitful here. As already emphasized, interorgan communication through remote sensing and signaling via SLC and ABC multispecific drug transporters is presumed to be important for the basal physiological state. This notion may be harder to demonstrate due to "redundancy" of transport mechanisms, but it seems to be supported by the significant metabolic alterations observed, for example, in the Oat1 (74, 279) and Oat3 (265, 285) knockouts as well as the lower blood pressure detected in the Oat3 knockout (265) . Computational reconstructions of metabolic alterations in the Oat1 and Oat3 knockouts suggest that these transporters play global roles in metabolism extending well beyond the direct transport of a small set of substrate metabolites (FIGURE 12) (4, 285) . This may be generally the case for other drug transporters. The integration of many types of "omics" data (from different tissues and body fluids) in time series analyses of development and injury-repair-regeneration, especially using wild-type and multiple tissue-specific conditionally knocked-out Oats, is a key task for the field.
Oats, intracellular concentrations of metabolites and signaling molecules, and possible connections to organellar small molecule transporters
Drugs and toxins enter the proximal tubule cell by Oat1 and Oat3 and, in some cases, cause (such as the instances of cephaloridine and mercury) toxicity to the proximal tubule cell (21, 297) . This also appears true of microbiome-derived metabolites like indoxyl sulfate (122, 179) . Fluorescent Oat substrates are known to accumulate in intracellular vesicular compartments (55, 155) . Key metabolites like ␣-ketoglutarate and signaling molecules like prostaglandins, cyclic nucleotides, and conjugated steroids also enter the cell through this pathway (33, 270) . But there are also small molecule transporters in the mitochondria and elsewhere which may transport Oat substrates (150, 185, 201, 202) . If so, this may be another mechanism for regulation of cell metabolism and function: thus Oats could not only mediate interorgan and interorganismal communication, but they could also mediate communication with cellular subcompartments. The hierarchical architecture, or tiering, of these extracellular, cellular, and intracellular transport processes may be important for function and resilience of a remote sensing and signaling system.
C. Some Clinical Implications of the "Remote
Sensing and Signaling Hypothesis" Indoxyl sulfate and other uremic toxins (distributed through the body and eliminated by Oats and other SLC and ABC transporters in different tissues) appear to affect transcriptional regulation (e.g., indoxyl sulfate and the aryl hydrocarbon receptor) (214) . Other toxins like kynurenine affect GPCR signaling (274) . Furthermore, uremia is a disorder of metabolism, and since uremic toxins are high-affinity substrates of Oats and other drug and metabolite transporters, they likely compete for elimination and distribution with other metabolites and drugs to disrupt metabolic pathways or alter the half-lives and toxicity of drugs. This can create a vicious cycle, since the failed or failing kidney is unable to adapt by the "memory" mechanisms of the recovering organ after injury discussed above. Other organs like liver and muscle may indeed adapt to some extent by differential upregulation of other sets of SLC and ABC transporters to handle the organic anion (uremic toxins, drugs, metabolites) load. But since uptake of these molecules (uremic toxins, certain drugs) may cause, in addition to substrate induction, cellular toxicity (e.g., uremic myopathy, statin myopathy), this compensatory mechanism could be maladaptive in the long run. Thinking about uremia as altered remote sensing and signaling could lead to new approaches to treating the uremic syndrome of chronic kidney disease. Furthermore, many metabolites accumulating in diabetes, ketotic states, and liver disease are substrates for Oats and other drug transporters; it is possible that drugs, or SNPs in the transporters, modulate the severity of these diseases by altering the levels of key metabolites.
Metabolic abnormalities caused by certain drugs may be due to altered remote sensing and signaling
Metabolic syndrome is associated with certain drugs or toxins (75) . This could be a reflection of disordered remote sensing and signaling due to interaction/competition of key metabolites, antioxidants, and/or signaling molecules with drugs or toxins at the level of the transporter. This could secondarily reset the physiological state because the levels of key metabolites, signaling molecules, and/or antioxidants in tissues and body fluids may be altered. Moreover, systems biology studies and metabolic reconstructions from metabolomics and microarray data in Oat knockouts raise the possibility that such competition between drugs and metabolites can have major effects on metabolites not transported by Oats and perhaps alter entire metabolic pathways (5, 284) . In other words, certain aspects of drug-induced metabolic syndrome could be due to altered remote sensing and signaling. This dysregulation of metabolism could be particularly complex in diseased states (e.g., liver or kidney) in which multiple Oat-transported drugs are administered. As metabolomics and genomic data for large numbers of patients becomes available, it should be possible to further evaluate these ideas.
Interorganismal communication via Oats and other drug transporters
Propionate, kynurenine, and indole are produced by gut microbial flora and transported via drug and/or nutrient transporters across the intestinal mucosa (146, 273) . Propionate, kynurenine, and other such molecules can activate GPCRs (94, 105, 191, 244) . Indole metabolites, the result of the action of liver phase I and phase II DME reactions, affect cell function in many ways and can activate transcription of drug transporters (56, 214) . Some of these gut microbiome-derived metabolites or their derivatives can be altered in disease states such as uremia or CKD (1, 279) , which itself is associated with altered expression of OATs and other drug transporters in humans (e.g., diabetic nephropathy) (216, 304) .
Several SLC and ABC drug transporters expressed in a variety of cells have the ability to transport cAMP and cGMP and thus alter the intracellular levels of cyclic nucleotides and potentially kinase activity. Thus this raises the possibility of direct drug transporter modulation of intracellular signaling pathways already activated by cell surface binding of ligands that are themselves absorbed, and excreted by a variety of drug transporters. Volatile odorants excreted into the urine can potentially be transported or sensed in the olfactory mucosa of another animal. This could be via GPCRs acting as odorant receptors in the olfactory epithelium (94, 113, 160) or by the Oat6 transporter which has the ability to bind odorants (113) .
There are also nonolfactory odorant receptors in many tissues (190, 302) . In the kidney, one such GPCR appears to regulate blood pressure. This may be interesting in light of the low blood pressure observed in the Oat3 knockout (265) , which also accumulates many metabolites, including those derived from the gut microbiome (285) .
D. Developing a Physiologically Inspired Artificial Remote Sensing and Signaling System
It may be some time before enough data are in to determine to what extent the Remote Sensing and Signaling Hypothesis, in its current form, is consistent with experimental and clinical data. To the extent that it is validated experimentally and clinically, modeling such a system may be useful for understanding, and possibly predicting, metabolite and toxin handling and, with respect to drugs, their absorption, distribution, metabolism, and excretion (ADME). This may be helpful for physiologically-based pharmacokinetic (PBPK) modeling. Modeling this complex adaptive system (92) may be useful for understanding the systemic metabolic consequences of DMI, the uremic syndrome due to CKD, and drug/ toxin handling at the extremes of life and in setting of injury and recovery.
Nevertheless, it is also worth pointing out that an "artificial remote sensing and signaling system" may be of considerable interest in its own right and have potential implications in the realm of "biology-inspired" artificial intelligence (AI) similar to work on artificial immune systems (45, 301) and artificial endocrine systems (47, 65) .
Such an artificial system, consisting of sets of interactions between multiple organs and/or organisms, could model interorgan and interorganismal communication via small (Ͻ1,000 Da) molecules with signaling capacity (or other key informational content) and the ability to regulate key metabolic reactions; these molecules, owing to the multispecificity of SLC and ABC "drug", have tremendous diversity. Information could be encoded and/or transmitted by chemical fingerprint notation.
In that tissue-specific and organism-specific expression of SLC and ABC "drug" transporters, not to mention phase I and phase II enzymes (which could also be incorporated into such models), are different from tissue to tissue and can be affected by positive or negative feedback described elsewhere in this review (i.e., substrate, hormones, oxidants, toxins, injury-recovery, organ development, growth factors), such a model can "evolve" from normal homeostasis after a perturbation to a new, possibly unstable, state. Depending on further environmental influences, it can "reset" at a new homeostatic state that may or may not be close to the original state. As in actual physiology, this physiologically inspired AI method could be intertwined with growth factor and neuroendocrine influences which themselves have been proposed as AI techniques (47, 186) .
It is to be emphasized that these AI methods may be interesting in themselves. Nevertheless, once such physiologically inspired AI systems are sufficiently developed, they could be constrained by accumulating wet lab and clinical data to determine their value for understanding the systemic behavior of metabolites, drugs, and toxins in dynamic settings such as organ injury-recovery and development.
E. What Are the Conditions Necessary and Sufficient for Establishment of a Remote Sensing and Signaling System?
It is not obvious that, apart from coordinated apical and basolateral tissue specific-gene expression of Oats and other drug transporters, the potential regulation by substrate, and the drug transporter-mediated movement of metabolites and signaling molecules between tissues and fluid compartments, anything more is required for a relatively independently functioning remote sensing and signaling system to emerge. It seems that physiological and systems biology modeling [to be distinguished from the biologically (physiologically) inspired AI method discussed above] might be useful here. Such models need to establish the minimum necessary components (e.g., transporters, signaling molecules, regulatory events) and the nature of the relationships (including feed-forward and feedback) between them in order for the functioning of the proposed remote sensing and signaling system. Such models may also be able to make in silico predictions of the effect of perturbation. They may also be useful for identifying "X factors" or missing components or relationships. This might require a search for additional mechanisms, or reconsidering aspects of the hypothesis. Nevertheless, if hormones, growth factors, cytokines, and other homeostatic mechanisms periodically modulate the system's behavior, as seems to be the case for Oat1, Oat3, and OAT4, it appears qualitatively that the proposed system could form a semi-autonomously functioning system, particularly if closely tied to phase I and phase II DMEs in normal physiology, in the same sense as the neuroendocrine, growth factor, and cytokine systems just mentioned.
As is often the case with these other systems, it may be that the importance of the remote sensing and signaling system becomes more evident in the setting of physiological perturbation or injury and, perhaps even then, only when multiple pathways (e.g., two or more transporters with overlapping substrates or a key transcriptional or other regulatory mechanism) become disrupted. Systems biology models thus also need to consider the "redundancy issue," for example, the fact that Oat1 and Oat3 have many common endogenous substrates, in normal and perturbed states. They will also need to consider the relationship between
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Oats and phase I and phase II DME pathways in cells of the same organ (e.g., proximal tubule cell) and remote organs (e.g., hepatocytes). In general, it will be useful to analyze gene expression in multiple tissues and metabolomics data from multiple body fluid compartments in wild-type and knockout (single, double, triple) mice, as well as other "omics" data, after acute and chronic perturbations affecting one organ or another or after small molecule disruption of a key pathway (e.g., one mediated by a nuclear receptor that regulates Oats). Time series data from the time of perturbation to the restoration, or near-restoration, of a stable state might be particularly valuable. While it may take years to obtain high quality data of this sort, the amount of data currently available for Oat1 and Oat3, the result of work by many labs, may be sufficient to make a useful start in this endeavor.
VIII. SUMMARY
Using the lens of the Remote Sensing and Signaling Hypothesis, we have tried to provide a systems biology perspective on organic anion transporters without sacrificing the specifics. We have considered organic anion transporters individually, as subsets expressed in particular epithelia, and in the context of whole organ and organismal physiology as well as interorganismal physiology. Thus, in the process of examining a broad range of in vitro, ex vivo, in vivo, and in silico data related to various members of the Oat subfamily, we have considered the so-called subsystem, the system, and the supersystem (148).
We have also incorporated a temporal perspective, considering what might be termed feedback and feedforward loops in the dynamic contexts of development, injury, and recovery from injury (5, 284) . We argue that many small molecule pharmaceuticals are "tourist traffic" on the remote-sensing and signaling system, which likely arose evolutionarily, at least in part, to optimize interorgan and interorganismal communication via metabolites and signaling molecules in dynamic settings such as development and disease. We have emphasized the analogy to the neuroendocrine and growth factor regulatory systems.
In the latter part of this review, we have tried to "open up," at the risk of being overly speculative, the Remote Sensing and Signaling Hypothesis to potential experimental and modeling approaches as well as explore its possible ramifications. We have tried to clarify various aspects of the hypothesis in the context of recent data on Oat biology. As extensively detailed here, the Remote Sensing and Signaling Hypothesis owes much to the discovery of Oat expression in certain tissues early in fetal development (187, 230, 233) , the evolutionary conservation down to flies and worms (71) , the discovery of the odorant binding Oat6 in olfactory mucosa (113, 160) , the application of metabolomics to the Oat knockouts (74, 265, 279, 285) , computational reconstructions of metabolism based on Oat knockout transcriptomic changes (4, 285) , the growing list of Oat substrates that are key metabolites and signaling molecules (TABLES 1-5), the fact that mutations in related SLC22 family members are associated with metabolic disease (127, 166, 216, 284) , the patterns of Oat expression after injury (29, 207) , the phenomenon of Oat substrate induction (91) , and analysis of transcriptional regulation of Oats by potential "sensors" (149) as well as evidence of regulation by traditional signaling pathways mediated by hormones, growth factors, and intracellular kinases (137) .
The roles of organic anion transporters in metabolism, signaling, toxin and nutrient handling appear to be deeply linked, perhaps reflecting an even more interesting reality. Nevertheless, while we have focused on systems biology here, it is also important to reemphasize that there is still much to learn about the molecular, cellular, structural, and organ biology of the individual Oats.
